Abstract-Energy-harvesting relaying is a promising solution to the extra energy requirement at the relay. It can transfer energy from the source to the relay. This will encourage more idle nodes to be involved in relaying. In this paper, the outage probability and the throughput of an amplify-and-forward relaying system using energy harvesting are analyzed. Both time switching and power-splitting harvesting schemes are considered. The analysis takes into account both the Nakagami-m fading caused by signal propagation and the interference caused by other transmitters. Numerical results show that time switching is more sensitive to system parameters than power splitting. Also, the system performance is more sensitive to the transmission rate requirement, the signal-to-interference-plus-noise ratio in the first hop and the relaying method.
I. INTRODUCTION

W
IRELESS relaying can extend the network coverage without the need for (or without requiring) any extra infrastructure. It can also provide distributed multiple-inputmultiple-output with improved diversity gain [1] . Among all the relaying protocols, the amplify-and-forward (AF) protocol only needs to amplify the received signal from the source without any further processing. Hence, AF relaying has attracted great research interest. Despite this, the amplification and forwarding operations at the relay still consume extra energy. For relay nodes connected to the power grid, such extra energy is not a serious concern. However, for relay nodes powered by batteries, such as mobile devices, due to the limited battery life, such extra energy may cause great concern and therefore, may discourage them from performing any relaying.
To tackle this problem, recently, energy harvesting AF relaying has been proposed [2] - [8] . For example, in [2] , assuming a stationary and ergodic process for the energy harvested by the relay, the symbol error rate was derived by considering energyconstrained and energy-unconstrained relays. In this case, the energy could be harvested from any source. In [3] , the authors studied two harvest-and-forward protocols using power splitting or time switching, where the relay harvests the transmitted energy from the source node to amplify and forward the signal. In [4] , a harvest-use structure was studied, where the relay does not have energy storage capability. The optimal tradeoff between harvesting time and relaying time was derived by considering half-duplex relays as well as full-duplex relays. In [5] , the authors studied the optimal power allocation problem for energy harvesting relays, where relays can harvest energies from multiple source nodes and the total harvested energy was then allocated for transmissions of signals to different destinations. It was found in this work that it is better to allocate the total harvested energy among all transmissions. Similarly, in [6] , stochastic geometry was used to study the effect of random locations of relays on the relaying performance, where relays harvest energy from the source node. The authors in [7] considered a joint power splitting and antenna selection scheme, where the relay is equipped with multiple antennas to harvest the energy from the source node and hence, it can choose the best portion of power splitting and the best antenna to maximize the achievable rate. In [8] , the authors derived optimal power allocations that maximize the throughput when different knowledge of harvested energy and channel state is available. All the aforementioned works have provided beneficial insights on various aspects of AF relaying using energy harvesting. However, none of them has considered the effect of interference. Reference [9] considered the interference from other source nodes and optimized the power splitting factors using game theory, while reference [10] considered the network interference for Rayleigh fading channels. In a practical network, the relaying process is subject to interference and may suffer from Nakagami-m fading at the same time. Thus, it is of great interest to see how energy harvesting relays perform in Nakagami-m fading channels when they suffer from interference.
In this paper, the performance of energy harvesting AF relaying is analyzed by deriving the outage probability and the throughput in Nakagami-m fading channels, when both the relay and the destination suffer from interference. In this energy harvesting system, the relay is powered by harvesting radio frequency energy from the source and other interferers in the environment. The source and destination nodes do not rely on harvested energy for transmission and reception. The analysis considers power splitting (PS) as well as time switching (TS). Both fixed gain relaying and variable gain relaying are studied. Numerical results also show that time switching is more sensitive to system parameters than power splitting and that the system performance is more sensitive to the transmission rate requirement, the signal-to-interference-plus-noise ratio in the first hop and the relaying method.
The rest of the paper is organized as follows. In Section II, the system model used in this paper will be introduced. In Sections III and IV, detailed derivations of the outage probability and the throughput, respectively, will be presented. Section V will give the numerical examples used to examine the effects of the system parameters, followed by some conclusions in Section VI.
II. SYSTEM MODEL
Consider a three-node relaying system where the source sends the information and energy to the relay and the relay uses the received energy to forward the received information to the destination. There is no direct link. Each node has a single antenna and operates in half-duplex mode. The source-to-relay and relay-to-destination links are made orthogonal in time by transmitting signals at different times. Assume that the total communication time is T . Two energy harvesting schemes are considered: TS and PS. Diagrams of the TS and PS processes can be found in [3, Fig. 2 ] and [3, Fig. 3 ]. Due to the limited space, they are not repeated here. Fig. 1 shows the diagram of the relaying system.
A. Time Switching (TS)
In TS, a faction of the total time αT is used for energy harvesting at the relay, followed by (1 − α) T 2 for information reception at the relay and (1 − α) T 2 for information reception at the destination. Thus, the received signal at the relay is given by [3] 
where P S is the transmission power of the source, h is the small-scale fading gain of the source-to-relay link, s[k] is the transmitted symbol of the source, N is the number of interferers at the relay, P i is the transmission power of the i-th interferer, h i is the small-scale fading gain of the link from the i-th interferer to the relay, s i [k] is the transmitted symbol of the i-th interferer, n ra [k] is the additive white Gaussian noise (AWGN) due to the antenna and n rc [k] is the AWGN due to the RF-to-baseband conversion [11] . In this paper, Nakagami-m small-scale fading is assumed such that |h| 2 and |h i | 2 , i = 1, 2, . . . , N , follow Gamma distributions with probability density functions (PDFs)
and
respectively, where m 1 and 1 are the m parameter and the average fading power in the source-to-relay link, respectively, and m I 1 and I 1 are the m parameter and the average fading power in the link from the i-th interferer to the relay, respectively. In this case, the channel fading gains from the interferers to the relay are assumed to be independent and identically distributed. The case of non-identically distributed interferers will be discussed later. 
αT , where η is the conversion efficiency of the energy harvester at the relay,
is the total input power at the harvester, and αT is the total harvesting time. Then, the signal in (1) is amplified and forwarded to the destination as
where
is the transmission power of the relay, a is the amplification factor of the relay, g is the small-scale fading gain of the relayto-destination link, Q j is the transmission power of the j-th interferer to the destination, g j is the small-scale fading gain of the link from the j-th interferer to the destination in the relaying phase, s j [k] is the transmitted BSPK symbol of the j-th interferer, n da [k] is the AWGN at the antenna and n dc [k] is the AWGN due to RF-to-baseband conversion with zero mean and variances of σ 2 da and σ 2 dc , respectively. The transmission power Q j may be different from P i , as adaptive power control may be employed at the interfering sources such that their transmission powers are changing. If no power control is used, Q j could be set the same as P i . The amplification factor depends on the method of AF relaying. In this paper, we consider two methods: fixed gain relaying and variable gain relaying [12] - [14] . In fixed gain relaying, a is a constant and without loss of generality, a = 1. In variable gain relaying, a varies with the fading gain such that for TS one has a = 1
Remark: Note that, in general, the power consumed at the relay is a function of the transmission power. Their actual relationship is mainly determined by the efficiency and nonlinearity of the power amplifier. In this work, the consumed power is also limited to the amount of harvested power by the signal from the source as the main source of power. Although the amount of harvested power is the same for different relaying schemes, the consumed power of P r a 2 E{|y r [k]| 2 } and therefore the transmission power is different for different relaying schemes. Also, it is assumed that the circuit power at the relay can be ignored. Note also that the interference power in the denominator of (5) is not used, as this knowledge may be difficult to obtain in practice such that practica amplification factor may not scale the power of the received signal at the relay perfectly. The small-scale fading gains in this case are again assumed to be Nakagami-m distributed such that their powers follow Gamma distributions with m 2 and 2 being the m parameter and the average fading power in the relay-todestination link for |g| 2 , respectively, and m I 2 and I 2 being the m parameter and the average fading power in the link from the j-th interferer to the destination for |g j | 2 , respectively.
B. Power Splitting (PS)
In PS, a fraction of the received signal energy is harvested without any dedicated harvesting time. Thus, the transmission from the source to the relay takes T 2 seconds and the received information signal at the relay is given by [3] 
where ρ is the PS factor. Then, the harvested energy is
Note that in this case, the harvested energy from the noise is assumed to be a small constant and therefore can be ignored (see the derivations of (5)- (13) in [11] ). Thus, the noise term does not appear in the harvested energy. The transmission power of the relay is
and the amplification factor for variable gain relaying is a =
The above model ignores the path loss, as it is included in the average fading power. However, if one wishes to consider the path loss explicitly, it can be easily accommodated in the above model by replacing h with
, where v is the path loss exponent and
and g is required in the signal detection and can be obtained by using either cascaded channel estimation or disintegrated channel estimation [15] .
III. OUTAGE PROBABILITY
A. Time Switching (TS)
For TS, the received signal at the destination is given in (4) . Let the signal-to-interference-plus-noise ratio (SINR) in the source-to-relay link be
and the SINR in the relay-to-destination link be
From (4), the end-to-end SINR can be derived as
The expression in (7) actually applies to both relaying with energy harvesting and relaying without energy harvesting. From (7), if the conventional relay without energy harvesting has a transmission power larger than that P r with energy harvesting, it will have a larger end-to-end SINR and thus better performance than relaying with energy harvesting. For fixed gain relaying, using P r and a = 1, one has
For variable gain relaying, a is given in (5). Using P r and (5), the end-to-end SINR can be derived as
One sees that the end-to-end SINR of the energy harvesting AF relaying is different from that of the conventional AF relaying in that there is an additional term of
in the denominator. This term comes from energy harvesting and causes the difficulty in the derivation. There have been a lot of works on the capacity over Nakagami-m fading channels in the literature, such as [16] and [17] . However, none of these works
considered energy harvesting. As can be seen from (9), the endto-end SINR with energy harvesting is much more complicated, which is the contribution of this work. The outage probability is defined as the probability that the SINR is below a certain threshold γ 0 . For fixed gain relaying, P out is derived in Appendix A as (10) , shown at the bottom of the previous page.
For variable gain relaying, using a similar method, the outage probability can be derived in the same form as (10) ,
. In the special case when there is no interference at the relay or the destination, one has
for fixed gain relay-
ing. For variable gain relaying, P T S−V G out
can be obtained by
in (11) . Also, in the special case when there is no interference at the relay and only interference at the destination, the outage probability can be simplified as a one-dimensional integral by setting z = 0 and removing the integration over z in (10) . In addition, for variable gain relaying, when the noise at the relay is very weak such that σ 2 ra + σ 2 rc ≈ 0, one further has
where [18, eq. 
.
For the first case P s γ 1 , the outage probability can be derived by using the same method for X 2 in ( 
where f W (w) is closed-form in (40) in Appendix B.
B. Power Splitting (PS)
In this case, denote
. One has the end-to-end SINR as
Note that [9] derived an expression similar to (14) in [9, eq. (5)] using their system models. For fixed gain relaying, using P r and a = 1, the end-to-end SINR is obtained as
For variable gain relaying, using P r and a, the end-to-end SINR is
When σ 2 rc ≈ 0, it can be shown that the relay without energy harvesting has a larger end-to-end SINR and a better performance than the relay with energy harvesting, when its transmission power is larger than (1 − ρ)P r for fixed gain and P r for variable gain in PS.
Using (15) and (16), the outage probability for fixed gain relaying using PS can be derived in Appendix A as (17) , shown at the bottom of the previous page, and the outage probability for variable gain relaying is obtained by replacing X P S−FG (y, z) with
. In the special case when there is no interference, the outage probability can be derived as
for fixed gain relaying. For variable gain relaying, one can replace
in (18) . Moreover, when the noise at the relay is very weak, for variable gain relaying, the outage probability can be approximated by replacing 1−α 2αη with 1 ηρ in (12) . Similarly, in the special case when there is no interference at the relay but interference at the destination, the outage probability can be simplified as a one-dimensional integral by setting z = 0 and removing the integration over z in (17) . For the asymptotic results when γ 2 → ∞ or γ 3 → ∞, they can be obtained by replacing 
IV. THROUGHPUT
Let R be a fixed transmission rate that the source needs to satisfy such that R = log 2 (1 + γ 0 ). Then, one has γ 0 = 2 R − 1.
A. Time Switching (TS)
In this case, from [3] , the throughput for TS is given by
where T is the total time and (1 − α)T /2 is the effective transmission time. When α increases, from (9), γ increases. When γ increases, P out decreases. Thus, when α increases, (1 − P out ) in (19) increases. On the other hand, when α increases, (1 − α) in (19) decreases. Thus, there may exist an optimum value of α that maximizes (19) as a product of (1 − P out ) and (1 − α). Using the outage probabilities derived above to replace P out in (19), the throughput for energy harvesting relaying using TS can be derived.
B. Power Splitting (PS)
For PS, the throughput is given by
as there is no time penalty incurred by energy harvesting and only the penalty of the relaying time needs to be considered. Also, using the outage probabilities derived above to replace P out in (20) , the throughput for energy harvesting relaying using PS can be derived.
C. Extensions
An extension can be made when the fading channels are independent but non-identically distributed. This is the case, for example, when the pass losses caused by different transmission distances need to be considered explicitly such that P i are different for i = 1, 2, . . . , N and Q j are different for j = 1, 2, . . . , N . In this case, using [19, eq . (2)], the PDF of Z 1 can be derived as
I 1 is the m parameter of the channel from the i-th interferer to the relay, P i
I 1 is the average fading power of the channel from the i-th interferer to the relay, and δ k can be calculated as [19, 
eq. (3)]
for k = 0, 1, 2, . . . with δ 0 = 1. Similarly, the PDF of Z 2 can be derived by replacing m , results for nonidentical channels can be obtained, only with an extra infinite series.
Another extension can be made when there is a direct link such that selective relaying can be used as γ total = max{γ, γ d }, where γ is the end-to-end SINR of the relaying link derived as before and
is the SINR of the direct link, with f being the small-scale Nakagami-m fading gain of the source-to-destination link and f j is the smallscale Nakagami-m fading gain from the j-th interferer to the destination in the broadcasting phase. Following the same assumptions as before for the relaying link, the SINR of γ d has the same CDF as X 2 in (28), except that the relevant parameters in (28) are replaced by the corresponding parameters in the Fig. 2 . Throughput vs. α for different η and N using TS in Nakagami-m fading with Nakagami-m interferers. Fig. 3 . Throughput vs. α for different R and m parameter using TS in Nakagami-m fading with Nakagami-m interferers.
direct link. Then, the overall outage probability will be calculated as P T S−FG out
, which can be used to derive the throughput in (19) and (20) .
Using the results obtained in this paper the aforementioned extensions are quite straightforward and, for the sake of brevity, is not presented here.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, the effects of several important system parameters are examined. We set σ 2 ra = σ 2 rc = σ 2 da = σ 2 dc = 1, P S = P I 1 = Q I 2 = I 1 = I 2 = 1, while 1 increases when η increases, as expected, as larger values of η lead to more harvested energy. Numerically, from (8) and (9), the end-to-end SINR increases when η increases. Since P out = Pr{γ < γ 0 }, for fixed γ 0 , the outage probability decreases when the end-to-end SINR increases. Thus, from (19) , the throughput increases when η increases. Also, from Fig. 2 , the throughput increases when N increases. The end-to-end SINRs are determined by γ 1 , γ 2 and (8) and (9) . In the figure, 1 and 2 that determine γ 1 and γ 2 , respectively, are fixed. Thus, when N increases, the term of N i=1 P i |h i | 2 increases such that the end-to-end SINR increases, leading to an improved performance due to more harvested interferences. Secondly, from Fig. 3 , the throughput decreases when R increases. From (19) , τ is determined by R and 1 − P out or Pr{γ > 2 R − 1}. When R increases, 1 − P out or Pr{γ > 2 R − 1} decreases at a higher rate than R such that the overall throughput decreases. Also, the throughput increases when m parameter increases, as the channel conditions get better for larger m parameter. Thirdly, fixed gain has higher throughput than variable gain, as comparing (8) with (9), fixed gain relaying has a larger end-to-end SINR. Also, from Fig. 4 , one sees that the throughput generally increases when 1 or 2 increase. However, the improvement is larger for an increased 1 than 2 . This is because the first hop signal is used for information transmission as well as energy transfer such that a larger 1 benefits both information and energy reception at the relay. In summary, the throughput is more sensitive to R, 1 and the relaying method than to η, N , 2 and m parameter.
Figs. 5 and 6 show the throughput versus ρ using PS. Similar to TS, the throughput of PS increases when η increases, N increases, R decreases, m parameter increases, 1 increases or 2 increases. Also, the throughput is more sensitive to R, 1 and the relaying method than to η, N , m parameter, 2 . Also, comparing Figs. 2 and 3 with Figs. 5 and 6, one sees that the throughput of PS is less sensitive to ρ than the throughput of TS to α. In fact, in most curves, there is a flat area where a large range of ρ can achieve almost the same throughput, indicating that there is a greater flexibility in the choice of ρ. From (10) and (17), the difference of TS and PS lies in the value of X . Fig. 7 shows the effect of distance using variable gain relaying. In this case, the hop SINR is defined as
, where d is the distance and v is the path loss exponent. In Fig. 7 , v = 3. The path loss of the interference is ignored for simplicity. One sees that the throughput decreases quickly as the distance increases, Fig. 7 . The effect of the distance on τ using TS and PS in Nakagami-m fading with Nakagami-m interferers. as expected, as the end-to-end SINR decreases when the path loss increases due to an increased distance. Fig. 8 shows the throughput using variable gain relaying with independent and non-identically distributed interferers. In the figure, (1) (21) is truncated to 30 terms. In this case, the throughput of TS monotonically decreases when α increases, while the throughput of PS is flat in most cases. Fig. 9 compares selective relaying with direct link and that without direct link. Here, f is assumed to have the same parameters as h and f j is assumed to have the same parameters as g j . One sees that the addition of the direct link improves the throughput due to diversity gain.
Note that in all cases, simulation results match very well with theoretical results. Also, the above results only consider a fixed number of interferers. This is the case when a fixed-access wireless system with low or little mobility is studied, where wireless interconnection is mainly used to replace wires. This case has also been studied in the literature for relaying without harvesting (see for example [20] and references therein). On the other hand, references [10] , [21] and [22] considered a random number of interferers by using stochastic geometry for wireless systems with high mobility. In particular, [10] considered energy harvesting. However, it is quite challenging to use these methods to extend our results to random interferers. This could be a potential generalization of this paper in the future.
VI. CONCLUSIONS
The performance of energy harvesting AF relaying has been evaluated in terms of the outage probability and the throughput. Analytical expressions have been derived considering both TS and PS harvesters when the channels suffer from interferences and Nakagami-m fading. Numerical results show that TS is more sensitive to energy harvesting than PS and that the throughput is more sensitive to N , R, 1 and m 1 than to η, 2 and the relaying method.
APPENDIX A DERIVATION OF (10) AND (17) Define Y 1 = P s |h| 2 and
Using (8) , one has
which gives
In (24), the second equation is obtained using the total probability theorem by conditioning on X 1 < γ 0 and X 1 > γ 0 . Since Y 2 = |g| 2 is a Gamma random variable, its cumulative distribution function (CDF) can be derived as Finally, using (30)-(32) in (24), the outage probability for fixed gain relaying using TS energy harvesting can be derived as (10) .
Define X 3 = . For PS, the outage probability for fixed gain relaying can be derived as 
The second equation in (33) is also obtained by using the total probability theorem conditioned on X 3 < γ 0 or X 3 > γ 0 . Using the CDF of X 2 in (29), the outage probability can be calculated as (17) .
APPENDIX B DERIVATION OF (13) One has γ T S−V G ≈ 
